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1
LASER RADAR DEVICEL

TECHNICAL FIELD

The present invention relates to laser radar technology for
detecting information such as the velocity of a target by
measuring light scattered or reflected by the target having
been irradiated with a laser beam.

BACKGROUND ART

Laser radar devices are capable of detecting information
such as the velocity of a target or the distance to the target
by emitting a laser beam into an external space, receiving,
light scattered or reflected by the target, and measuring the
received light. For example, there 1s known laser radar
technology for detecting observation values such as the wind
velocity by receiving scattered light from targets such as
aerosols (fine particles of liquids or solids that float in the
atmosphere), cloud particles, or atmospheric molecules and
measuring the received light. There 1s also known laser radar
technology for detecting the distance to a target by receiving
diffused light reflected by the target such as a structure,
terrain, or a moving object and measuring the received light.

Patent Literature 1 discloses a laser radar device (herein-
alter referred to as “conventional laser radar device™) that
detects the wind velocity by performing signal processing on
a recerved signal obtained by optical heterodyne detection.
This conventional laser radar device includes: a laser light
source that outputs CW light having a single frequency; an
optical splitter that splits the CW light from into first light
for transmission and second light for reference; a pulse
modulator that applies pulse modulation to the first light; a
frequency shifter that generates reference light by shifting
the frequency of the second light; and an optical transmaitter/
receiver system that emits output light of the pulse modu-
lator 1into the atmosphere and receives scattered light from
the atmosphere as received light. The conventional laser
radar device further includes: an optical coupler that com-
bines the received light and the reference light; an optical
receiver that converts output light of the optical coupler 1nto
an electrical signal, an A/D converter that converts the
clectrical signal into a digital received signal; and a signal
processing unit that performs signal processing on the
received signal to detect the wind velocity in the line-oi-
sight direction.

CITATION LIST
Patent Literature

Patent Literature 1: Japanese Patent Application Publica-
tion No. 2009-162678.

SUMMARY OF THE INVENTION

Technical Problem

When a laser light source that outputs a laser beam having
a narrow spectral linewidth 1s used in the conventional laser
radar device as described above, interference with diffused
light reflected by the surface of a target occurs, thereby
generating speckle noises. In the case of a laser radar device,
speckle noises cause the disadvantage that the amplitude of
received light 1s changed and that the signal-to-noise ratio
(SNR) of the received signal 1s degraded.
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2

In view of the above, an object of the present invention 1s
to provide a laser radar device capable of suppressing

generation of speckle noises and improving the signal-to-
noise ratio of a received signal.

Solution to the Problem

In accordance with an aspect of the present invention,
there 1s provided a laser radar device which includes: a
primary light source configured to combine a plurality of
laser beams having different wavelengths respectively to
generate primary light; an optical splitter configured to split
the primary light into transmission light and reference light;
an optical modulator configured to modulate the transmis-
sion light to generate modulated transmission light; an
optical transmitter/receiver system configured to emit the
modulated transmission light into an external space and
receive light scattered or diflused by a target 1n the external
space; an optical combiner configured to combine the ref-
erence light and the light received by the optical transmaitter/
receiver system to generate an optical beat signal; a photo-
detector circuit configured to perform an optical-to-
clectrical signal conversion of the optical beat signal to
generate a received signal; and a signal processing circuit.
The signal processing circuit includes: a frequency analyzer
configured to perform frequency analysis on the received
signal with a frequency resolution specified 1n advance to
calculate a spectrum of the received signal; and a measure-
ment value calculator configured to calculate a measurement
value related to the target on a basis of the calculated
spectrum. The different wavelengths are set to cause a
frequency difference between peaks that correspond to the
different wavelengths and appear in the spectrum of the
received signal, to be equal to or less than the frequency
resolution.

Tects of the Invention

Advantageous E

According to the present invention, generation of speckle
noises can be suppressed, and the signal-to-noise ratio of the
received signal can be improved.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a block diagram illustrating a schematic con-
figuration of a laser radar device according to a first embodi-
ment of the present invention.

FIG. 2 1s a block diagram schematically illustrating a
configuration example of a signal processing circuit accord-
ing to the first embodiment.

FIG. 3 1s a block diagram schematically illustrating a
hardware configuration example of the signal processing
circuit according to the first embodiment.

FIG. 4 1s a diagram schematically illustrating a state of
diffused light reflected by a target.

FIGS. 5A to SE are graphs illustrating examples of
transmission light, received light, a received signal (hetero-
dyne detection signal), a received spectrum, and a correction
spectrum, respectively.

FIG. 6 1s a graph 1llustrating an example of Doppler shift
spectrum components.

FIG. 7 1s a graph 1llustrating another example of Doppler
shift spectrum components.

FIG. 8 includes graphs 1llustrating examples of transmis-
sion light, received light, a received signal (heterodyne
detection signal), an envelope detection signal, and an edge
detection signal according to the first embodiment.
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FIG. 9 1s a diagram schematically 1llustrating a configu-
ration example of a laser radar device according to a second
embodiment of the present invention.

FIG. 10 1s a block diagram schematically illustrating a
configuration example of a signal processing circuit accord-
ing to the second embodiment.

FIG. 11 1s a graph 1llustrating an example of a passband
and stopbands of a bandpass filter according to the second
embodiment.

FI1G. 12 15 a diagram schematically illustrating a configu-
ration example of a laser radar device according to a third
embodiment of the present invention.

FIG. 13 1s a block diagram schematically illustrating a
configuration example of a signal processing circuit accord-
ing to the third embodiment.

FIGS. 14A and 14B are graphs illustrating examples of
Doppler shift spectrum components.

FIG. 15 1s a diagram schematically illustrating a configu-
ration example of a laser radar device according to a fourth
embodiment of the present invention.

FIG. 16 1s a block diagram schematically illustrating a
configuration example of a signal processing circuit accord-
ing to the fourth embodiment.

DESCRIPTION OF EMBODIMENTS

Hereinafter, various embodiments of the present inven-
tion will be described in detail with reference to the draw-
ings. Note that components denoted by the same symbol

throughout the drawings have the same structure and the
same function.

First Embodiment

FIG. 1 1s a diagram 1llustrating a schematic configuration
of a laser radar device 1 according to a first embodiment of
the present invention. As illustrated in FIG. 1, the laser radar
device 1 includes: a multi-wavelength primary light source
10 (hereinafter simply referred to as “primary light source
10”) configured to combine laser beams having different
wavelengths, respectively, to generate primary light; an
optical splitter 21 configured to split the primary light input
from the primary light source 10 into transmission light and
reference light; an optical modulator 22 configured to per-
form frequency modulation and amplitude modulation on
the transmission light to generate modulated transmission
light; an optical transmitter/receiver system 23 configured to
emit the modulated transmission light 1n a specific line-oi-
sight direction into an external space and receive light
scattered or diffused by a target; an optical combiner 26
configured to combine the received light and the reference
light to generate an optical beat signal; a photodetector
circuit 27 configured to perform an optical-to-electrical
signal conversion of the optical beat signal to generate an
analog received signal (heterodyne detection signal), and
perform an A/D conversion of the analog received signal
into a digital recerved signal; and a signal processing circuit
31 configured to calculate a measurement value related to
the target on the basis of the digital received signal. Note that
the optical combiner 26 and the photodetector circuit 27 are
included in an optical heterodyne detector.

The primary light source 10 and the optical splitter 21 are
optically coupled to each other via an optical transmission
line CO0, the optical splitter 21 and the optical modulator 22
are optically coupled to each other via an optical transmis-
sion line C1, the optical splitter 21 and the optical combiner
26 are optically coupled to each other via an optical trans-
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4

mission line C2, the optical modulator 22 and the optical
transmitter/receiver system 23 are optically coupled to each
other via an optical transmission line C3, the optical trans-
mitter/receiver system 23 and the optical combiner 26 are
optically coupled to each other via an optical transmission
line C5, and the optical combiner 26 and the photodetector
circuit 27 are optically coupled to each other via optical
transmission lines C6 and C7. For example, these optical
transmission lines CO to C3 and CS to C7 can be imple-
mented by optical fiber cables.

As 1llustrated in FIG. 1, the primary light source 10
includes laser light sources 11 and 12, an optical combiner
13, an optical condensing system 14, and an optical con-
nector 15. The laser light sources 11 and 12 are optical
oscillators that output laser beams having their respective
spectral linewidths (heremnafter referred to as “linewidths™)
which are narrow. Each of the laser light sources 11 and 12
can be configured to output a laser beam with a narrow
linewidth that 1s about equal to or less than 100 MHz, for
example. These laser beams are linearly polarized light
whose polarization direction 1s maintamned in a certain
direction. In this case, the frequency difference between
these laser beams 1s selected to be equal to or greater than
100 MHz. Such laser light sources 11 and 12 can be
implemented by a semiconductor laser or a solid-state laser.

On the other hand, the primary light source 10 1s not
limited to the configuration illustrated in FIG. 1. For
example, an integrable tunable laser assembly (ITLA) or an
optical comb light source capable of simultaneously gener-
ating light of wavelengths may be used. Furthermore, each
of the laser light sources 11 and 12 does not need to be
implemented by a single optical oscillator that outputs light
having a single wavelength. Each of the laser light sources
11 and 12 may include optical oscillators that simultane-
ously output light beams having wavelengths in a predeter-
mined wavelength width.

The optical combiner 13 combines the laser beams 1nci-
dent from the laser light sources 11 and 12 to generate
primary light, and outputs the primary light toward the
optical condensing system 14. The optical combiner 13 can
be implemented by, for example, a branch mirror using a
dielectric multilayer film filter or a beam splitter. The optical
condensing system 14 condenses the primary light incident
from the optical combiner 13 on the light input terminal of
the optical connector 15. The optical connector 15 feeds the
primary light incident from the optical condensing system
14 1nto the optical transmission line CO.

The optical splitter 21 1s an optical component that
distributes the primary light mput from the primary light
source 10 via the optical transmission line C0 to the optical
transmission lines C1 and C2. That 1s, the optical splitter 21
splits the primary light input thereto into transmission light
and reference light at a predetermined branching ratio and
outputs the transmission light to the optical transmission line
C1 and the reference light to the optical transmission line
C2. The branching ratio of the optical splitter 21 1s deter-
mined 1n advance by system design. For example, the optical
splitter 21 can be implemented by a branch mirror using a
dielectric multilayer film filter or a beam splitter.

The optical modulator 22 generates modulated transmis-
sion light having a modulation frequency f by performing
frequency modulation and 1ntensity modulation on the trans-
mission light input from the optical splitter 21 via the optical
transmission line C1. In other words, the optical modulator
22 shifts the frequency of the transmission light by modu-
lating the frequency of the transmission light and converting
the transmission light into pulses by modulating the intensity
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ol the transmission light. At this point, the optical modulator
22 supplies a pulse trigger signal PT indicating the timing of
pulsing the transmaission light to the photodetector circuit 27
and the signal processing circuit 31, and thus the photode-
tector circuit 27 and the signal processing circuit 31 can
operate 1n synchronization with the supplied pulse trigger
signal PT.

Here, the optical modulator 22 intensity-modulates the
transmission light with a predetermined pulse width and
pulse repetition frequency (PRF). The pulse width corre-
sponds to a range resolution value. A user can set a pulse
width corresponding to a desired range resolution value
from the outside of the laser radar device 1. Alternatively,
the optical modulator 22 may operate with a fixed pulse
width and a fixed PRF having been set at the time of system
design. Furthermore, 1n a case where the intensity of the
output light of the optical modulator 22 1s insuflicient, an
optical amplifier may be added as a subsequent stage after
the optical modulator 22.

For example, the itensity modulator portion of the opti-
cal modulator 22 can be implemented by a lithium niobate
(LN) modulator, and the frequency modulator portion of the
optical modulator 22 can be implemented by an acousto-
optical frequency shifter (AOFS) or frequency shifter
including optical phase modulators. Alternatively, both the
intensity modulator portion and the frequency modulator
portion of the optical modulator 22 can be implemented by
an acousto-optic element. As the pulse trigger signal PT, a
transistor-transistor logic (IT'TL) pulse signal with a TTL
level of 5 volts be used.

The optical transmitter/recerver system 23 includes an
optical circulator 24 and optical antenna 23 that are optically
coupled to each other via an optical transmission line C4.
The optical circulator 24 1s a nonreciprocal optical compo-
nent having three ports. That 1s, the optical circulator 24
couples the optical transmission line C3 with the optical
transmission line C4 for the modulated transmission light
input in the forward direction from the optical transmission
line C3, but does not couple the optical transmission line C4
with the optical transmission line C5. As a result, the optical
circulator 24 supplies most of the modulated transmission
light 1nput 1n the forward direction from the optical trans-
mission line C3 to the optical antenna 25. The optical
antenna 25 emits the modulated transmission light 1n a
specific line-of-sight direction 1n the external space. On the
other hand, for recerved light input 1n the reverse direction
from the optical transmission line C4, the optical transmis-
sion line C4 1s coupled to the optical transmission line C5,
but the optical transmission line C4 1s not coupled to the
optical transmission line C3. As a result, the optical circu-
lator 24 supplies most of the received light mput 1n the
reverse direction from the optical transmission line C4 to the
optical transmission line C5.

Such an optical circulator 24 can be implemented by, for
example, a spatial propagation circulator including a quar-
ter-wave plate and a polarization beam splitter. In this case,
for example, modulated transmission light transmitted
through the polarization beam splitter as vertical polariza-
tion 1s emitted from the optical antenna 25 after being
converted into circular polarization by the quarter-wave
plate. The received light recerved by the optical antenna 25
1s converted into horizontal polarization by the quarter-wave
plate and then 1s reflected by the polarization beam splitter
in the direction of the optical transmission line C5. In this
manner, the spatial propagation circulator can separate the
modulated transmission light and the received light from
cach other.
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6

The optical antenna 235 1s an optical system capable of
collimating the input modulated transmission light and emiat-
ting 1t to the external space, and receiving scattered light or
diffused light coming from a target in the external space as
received light. The received light propagates through the
optical transmission line C4 and the optical circulator 24 and
enters the optical combiner 26. Targets in the external space
include targets such as aerosols (fine particles of liquids or
solids that float in the atmosphere), cloud particles, or
atmospheric molecules, or hard targets such as structures,
terrain, or moving objects (for example, vehicles). Such an
optical antenna 25 can be implemented by an optical tele-
scope or a camera lens. The optical antenna 25 may also
include an optical scanner (not illustrated) that scans a
predetermined range in the external space with modulated
transmission light and a light condensing adjustment func-
tion.

Next, the optical combiner 26 combines the reference
light mput from the optical transmission line C2 and the
received light input from the optical transmission line C5 to
generate composite light contaiming optical beat signal com-
ponents. The composite light propagates through the optical
transmission lines C6 and C7 and enters the photodetector
circuit 27. The optical combiner 26 of the present embodi-
ment outputs the composite light beams (positive-phase and
negative-phase light beams) having their respective phases
different from each other by 180°, to the optical transmission
lines C6 and C7, to ensure compatibility with the balanced
receiver configuration of the photodetector circuit 27. Such
an optical combiner 26 can be implemented by, for example,
a 90° hybrid coupler.

The photodetector circuit 27 includes a photodetector 28
having the balanced recerver configuration and an analog-
to-digital (A/D) converter (ADC) 29 that converts an output
of the photodetector 28 nto a digital signal. The photode-
tector 28 includes two photoreceptor elements (e.g., photo-
diodes) that perform optical-to-electrical signal conversions
of the positive-phase light beam mput from the optical
transmission line C6 and the negative-phase light beam
input from the optical transmission line C7, respectively.
The photodetector 28 generates an analog received signal
BS on the basis of a diflerence between output currents of
the photoreceptor elements. Since the photodetector circuit
2’7 has such a balanced receiver configuration, it 1s possible
to reduce relative intensity noises (RINs) caused by the
primary light source 10.

The ADC 29 converts the analog received signal BS 1nto
a digital recerved signal DS (hereinaiter simply referred to
as “recerved signal DS”) by sampling the analog received
signal BS using the pulse trigger signal PT supplied from the
optical modulator 22 as a trigger. The ADC 29 outputs the
received signal DS to the signal processing circuit 31. For
example, the ADC 29 can be implemented by a double-
integration A/D converter, a successive-approximation A/D
converter, or a parallel-comparison A/D converter.

The signal processing circuit 31 has a function of calcu-
lating measurement values such as the relative velocity
(traveling velocity) of the laser radar device 1 with respect
to the target and the distance to the target on the basis of the
received signal DS, which 1s a carrier signal in the digital
domain, and outputting measurement data MD including
these measurement values. FIG. 2 1s a block diagram sche-
matically illustrating a configuration example of the signal
processing circuit 31 according to the first embodiment.

As 1llustrated 1n FIG. 2, the signal processing circuit 31
includes a first measurement unit 40 and a second measure-
ment unit 60. The first measurement unit 40 includes a
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frequency analyzer 44, a spectrum correction unit 43, and a
measurement value calculator 50.

The frequency analyzer 44 performs frequency analysis
including fast Fourier transform (FFT) on the received
signal DS with a frequency resolution Al specified 1n
advance to calculate a spectrum of the received signal DS
(heremaftter referred to as “recerved spectrum™) and outputs
a spectrum signal indicating the receirved spectrum to the
spectrum correction unit 45. The recerved spectrum may be
either a power spectrum indicating the relationship between
the power and the frequency of the received signal DS or an
amplitude spectrum indicating the relationship between the
amplitude and the frequency of the received signal DS. The
FFT 1s executed with the number of FFT bins N,..,. N,
represents the number of points used for the FFT, and for
example, a value of 256 1s used as the number of FFT bins
N~ The frequency resolution Af 1s equal to the width of
cach frequency bin of the received spectrum.

The spectrum correction unit 45 corrects the receirved
spectrum to generate a correction spectrum, and outputs a
signal indicating the generated correction spectrum to the
measurement value calculator 50. Specifically, the spectrum
correction unit 45 can correct the shape of the received
spectrum by removing, from the received spectrum, a noise
floor (relationship between the frequency and a noise level)
measured 1n advance in a state where no signal light 1s
received.

The measurement value calculator 50 calculates a mea-
surement value in the line-of-sight direction on the basis of
the correction spectrum. Specifically, the measurement
value calculator 50 can calculate the relative velocity of the
target 1n the line-of-sight direction as the measurement value
on the basis of the calculated Doppler shift amount by
calculating the Doppler shiit amount of the laser beam, that
1s, a Doppler shift frequency, from the correction spectrum.
In a case where the Doppler shift amount 1s zero, the
modulation frequency 1 given by the optical modulator 22
becomes the carrier frequency. On the other hand, 1n a case
where a target 1s travelling relative to the laser radar device
1, a frequency shifted from the modulation frequency { by
the Doppler shift frequency becomes the carrier frequency.
The measurement value calculator 50 can also calculate a
three-dimensional relative velocity vector on the basis of
measurement values 1n line-of-sight directions.

On the other hand, the second measurement unit 60
includes an envelope detector 61, an edge detector 62, and
a ranging unit 63 as 1illustrated in FIG. 2. The envelope
detector 61 has a predetermined transmission Irequency
bandwidth for the received signal DS. The envelope detector
61 detects an envelope of the recerved signal DS and outputs
an envelope detection signal indicating the detection result
to the edge detector 62. The edge detector 62 detects an edge
of the wavelorm of the envelope detection signal (for
example, a rising edge, a falling edge, or both the rising edge
and the falling edge) and outputs an edge detection signal
indicating the detection result to the ranging unit 63. A T'TL
signal can be used as an edge detection signal.

The ranging unit 63 1s capable of measuring delay time T
indicating a time diflerence between transmission time of a
transmission light pulse and detection time of recerved light
corresponding thereto and calculating the distance to the
target on the basis of the delay time T. For example, the
ranging unit 63 can be implemented by a time measurer such
as a time-to-digital converter (TDC) or a time-to-amplitude
converter (TAC).

A hardware configuration of the signal processing circuit
31 described above may be implemented by one or more
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processors having a semiconductor itegrated circuit such as
a digital signal processor (DSP), an application specific
integrated circuit (ASIC), or a field-programmable gate
array (FPGA). Alternatively, the hardware configuration of
the signal processing circuit 31 may be implemented by one
or more processors including an arithmetic device such as a
central processing unit (CPU) or a graphics processing unit
(GPU) that executes software or firmware program codes
read from a memory. The hardware configuration of the
signal processing circuit 31 may be implemented by one or
more processors including a combination of a semiconduc-
tor integrated circuit such as a DSP and an arithmetic device
such as a CPU.

FIG. 3 1s a block diagram schematically illustrating a
signal processing circuit 70 which 1s a hardware configura-
tion example that implements the function of the signal
processing circuit 31. The signal processing circuit 70
includes a processor 71, a memory 72, an input interface unit
73, an output interface unit 74, and a signal path 75. The
signal path 75 1s a bus for connecting the processor 71, the
memory 72, the mput interface umit 73, and the output
interface unit 74 to each other. The mput interface unit 73
has a function of transferring the received signal DS input
from the outside to the processor 71 via the signal path 75.
The processor 71 1s capable of calculating a measurement
value related to the target by performing digital signal
processing on the transferred received signal DS and out-
putting measurement data MD 1indicating these measure-
ment values to an external device via the signal path 75 and
the output 1nterface unit 74.

Here, the memory 72 1s a data storage area used when the
processor 71 executes digital signal processing. In a case
where the processor 71 incorporates an arithmetic device
such as a CPU, the memory 72 includes a data storage area
for storing program codes of software or firmware executed
by the processor 71. As the memory 72, for example, a
semiconductor memory such as a read only memory (ROM)
and a synchronous dynamic random access memory
(SDRAM) can be used.

Next, the operations and configuration of the laser radar
device 1 will be described 1n more detail.

The optical antenna 23 1s capable of collimating the input
modulated transmission light and emitting 1t to the external
space, and receiving scattered light or diffused light coming
from a target 1n the external space as receirved light. It 1s
known that when a laser light source that outputs a laser
beam having a narrow linewidth 1s used, a fine speckle
pattern with high contrast, that is, speckle noises appear on
the observation surface. If only a single laser light source 11
1s used 1n the present embodiment, when speckle noises
occur on the optical antenna surface of the optical transmiut-
ter/recerver system 23, 1n some cases, the speckle noises are
coupled with the optical transmission line C4 and 1n other
cases, the speckle noises are not coupled to the optical
transmission line C4. FIG. 4 1s a diagram schematically
illustrating a state of diffused light retlected by a target Tgt
in a case where only a single laser light source 11 1s used.
In this case, wavefronts WF1, WE2, and WF3 of the diffused
light reflected at multiple points on the measurement target
surface of the target Tgt interfere with each other 1n a
propagation path RP between the target Tgt and a photore-
ceptor surface. Such interference of light 1s considered to
cause speckle noises. When heterodyne detection 1s
executed using only with the single laser light source 11,
light intensity fluctuation due to speckle noises occurs
typically on the basis of a Gaussian distribution. As a result,
when the measurement value 1s calculated with one shot of
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the transmission light pulse, it may become substantially
impossible to calculate the measurement value with the
amplitude of the received signal DS fluctuating greatly or
the amplitude becoming almost zero.

In contrast, 1n the present embodiment, the primary light
source 10 generates the primary light by combining laser
beams having different wavelengths respectively, thereby
allowing for multiple interference conditions corresponding
to the different wavelengths which occur 1n the propagation
path between the target Tgt and the photoreceptor surface.
As a result, 1t becomes possible to suppress probabilistic
fluctuations 1n the intensity of the recerved signal DS which
occur due to speckle noises.

In the present embodiment, although the number of inde-
pendent laser light sources 11 and 12 1s two, no limitation to
the number 1s intended. In a case where n laser light sources
are used where n 1s an integer equal to or greater than 2,
assuming that the level of the received signal DS indicates
a value within the range of “0” to “1”, fluctuations 1n the
received intensity (standard deviation) is derived as n'’2.

Next, referring to FIG. 2, in the first measurement unit 40
of the signal processing circuit 31, the frequency analyzer 44
calculates the recerved spectrum by executing frequency
analysis at a predetermined frequency resolution Af on the
received signal DS that 1s a carrier signal in the digital
domain. The spectrum correction unit 45 generates a cor-
rection spectrum by correcting the received spectrum. The
measurement value calculator 50 1s capable of calculating
the relative velocity of the target as a measurement value
from the correction spectrum. Specifically, the measurement
value calculator 50 detects a peak appearing in the correc-
tion spectrum by the maximum-value detection or centroid
method, and calculates the Doppler shift amount (Doppler
shift frequency) 5 on the basis of the position of the detected
peak. The measurement value calculator 50 1s capable of
calculating the relative velocity V,_ of the target in the
line-of-sight direction from the Doppler shift amount 9.

FIGS. SA to SE are graphs illustrating examples of
transmission light, received light, a recerved signal (hetero-
dyne detection signal), a recerved spectrum, and a correction
spectrum, respectively. When transmission light having the
amplitude 1illustrated 1n FIG. 5A 1s transmitted, received
light having the amplitude 1llustrated in FIG. 5B 1s received.
FIG. 5C 1s a graph 1llustrating a receirved signal waveform
obtained from the received light illustrated 1n FIG. 3B. FIG.
5D 1s a graph 1llustrating a received spectrum obtained from
the received signal waveform illustrated mn FIG. 5C. The
received spectrum has a carrier frequency component Sa.
FIG. SE 1s a graph illustrating a correction spectrum
obtained by correcting the received spectrum 1llustrated 1n
FIG. 5D. This correction spectrum has a carrier frequency
component (Doppler shift spectrum component) Sb. The
measurement value calculator 50 1s capable of detecting the
peak of the carrier frequency component (Doppler shift
spectrum component) Sb and calculating the Doppler shiit
amount 6 on the basis of the position of the detected peak.

In a case where the Doppler shift amount 6 1s zero, the
modulation frequency 1 given by the optical modulator 22
becomes the carrier frequency corresponding to the peak
position. On the other hand, 1n a case where the target 1s
relatively travelling, a frequency shifted from the modula-
tion frequency t by the Doppler shift frequency 6 becomes
the carrier frequency corresponding to the peak position.
The relationship among the Doppler shift amount o, the
wavelength A of the laser beam, and the relative velocity V
1s expressed by the following mathematical expression (1).
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V. =hxd/2. (1)

Since the laser light sources 11 and 12 use different
wavelengths A, and A, respectively, Doppler shift amounts
0l and 02 that are generated i1n correspondence with the
wavelengths A, and A, are also different from each other. In
this case, relative velocities V, and V , corresponding to the
Doppler shiit amounts 01 and 02, respectively, are given by
the following mathematical expressions (2A) and (2B).

Vﬂ:}ulxﬁl/z. (ZA)

V =hx82/2. (2B)

For example, let us consider a condition that the wave-
lengths A, and A, are selected as A,=1550.0 nm and
A,=1551.0 nm. In a case where the maximum value V___of
the absolute value of a velocity in the measurable range of
the relative velocity of the target (hereinafter referred to as
“velocity measurement range™) 1s 100 m/s under this con-
dition, when the target travels at a relative velocity of the
maximum value V_ . the Doppler shift amount 61 becomes
129.032 MHz, and the Doppler shift amount 62 becomes
128.949 MHz. F1G. 6 1s a graph schematically illustrating an
example of Doppler shift spectrum components S1 and S2
corresponding to the wavelengths A, and A,, respectively,
under such conditions. In FIG. 6, S1 denotes a Doppler shiit
spectrum component corresponding to the wavelength A, 1n
the correction spectrum, and S2 denotes a Doppler shiit
spectrum component corresponding to the wavelength A, 1n
the correction spectrum. Also illustrated in FIG. 6 are
unwanted frequency components Ul and U2 such as har-
monic components. These unwanted frequency components
Ul and U2 will be described later.

In the example of FIG. 6, the two peaks of the Doppler
shift spectrum components S1 and S2 do not {it 1n the same
frequency bin. In other words, the frequency diflerence
between the peaks of the Doppler shift spectrum compo-
nents S1 and S2 1s larger than the frequency bin width Af that
corresponds to the frequency resolution. If these two peaks
of the Doppler shift spectrum components S1 and S2 are
located at different frequency bins, peak detection may fail
or the calculation accuracy of the relative velocity V, may be
degraded under an environment which causes poor reception
quality. For example 1n a case where the intensity of the
received light 1s low, or when the signal-to-noise ratio of the
received signal DS i1s degraded, the peak detection fails o
the calculation accuracy of the relative velocity V
decreases.

Therefore, 1in the present embodiment, the emission wave-
lengths A, and A, of the laser light sources 11 and 12 are
selected such that the peaks of the Doppler shift spectrum
components S1 and S2 are positioned in the same frequency
bin. In other words, the emission wavelengths A, and A, of
the laser light sources 11 and 12 are set such that the
frequency difference between peaks corresponding to the
wavelengths A, and A, which appear 1n the spectrum of the
received signal DS on which frequency analysis 1s not
performed, 1s equal to or less than the frequency resolution
(width of each frequency bin) Af for an arbitrary velocity 1n
a velocity measurement range. This allows the peaks corre-
sponding to the wavelengths A, and A, which appear 1n the
received spectrum, to be positioned within the same fre-
quency bin.

More specifically, 1t 1s desirable to select laser light
sources 11 and 12 that output laser beams of wavelengths A,
and A, that satisiy the following in mathematical expression
(3) where the maximum absolute value of a velocity 1n the
velocity measurement range 1s denoted by V the maxi-

F
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mum wavelength of wavelengths A, and A, 1s denoted by
A, the minimum wavelength of wavelengths A, and A, 1s
denoted by A _ . . and the frequency resolution (width of each
frequency bin) 1s denoted by Af.

AF>2xV,  x(1/h, . —1/\

mafx)'

(3)

FIG. 7 1s a graph illustrating an example of the Doppler
shift spectrum components S1 and S2 when the emission
wavelengths A, and A, of the laser light sources 11 and 12
are optimized so as to satisty in mathematical expression (3).
As illustrated mm FIG. 7, the peaks of the Doppler shiit
spectrum components S1 and S2 are within the same {re-
quency bin. Therefore, comparing to the case of FIG. 6, a
sharp peak 1s formed due to the superimposed Doppler shift
spectrum components S1 and S2, and thus the peak detection
accuracy 1s improved, and the calculation accuracy of the
relative velocity V, 1s also improved.

Although, in the present embodiment, the number of
independent laser light sources 11 and 12 1s two, no limi-
tation to the number 1s mtended. The n laser light sources
that output laser beams having n wavelengths A, A, . . .,
A (n1s an integer equal to or greater than 2) that are diflerent
from each other may be used. In this case, 1t 1s desirable to
select n laser light sources that output laser beams having
wavelengths A, to A that satisty the above 1n mathematical
expression (3) where the maximum wavelength of the n
wavelengths A, to A, 1s A and the mimmum wavelength
of the n wavelengths A, to A, 1s A__ . By selecting n laser
light sources included in the primary light source in this
manner, n peaks appearing corresponding to the wave-
lengths A, to A, 1n the received spectrum and the correction
spectrum can be accommodated within the same frequency
bin. As a result, sharp peaks are formed in the recerved
spectrum and the correction spectrum, and thus the peak
detection accuracy 1s improved, and the calculation accuracy
of the relative velocity V  1s also improved.

Next, the operation of the second measurement unit 60
illustrated 1 FIG. 2 will be described. In the second mea-
surement unit 60, as described above, the envelope detector
61 detects the envelope of the receirved signal DS corre-
sponding to the carrier signal in the digital domain, and
outputs an envelope detection signal indicating the detection
result to the edge detector 62. The envelope detector 61 has
a predetermined transmission frequency bandwidth BW for
the received signal DS. The transmission frequency band-
width BW 1s only required to allow a Doppler shift fre-
quency component to pass when the velocity measurement
width 1n the first measurement unit 40 1s the maximum value
V . Therefore, the transmission frequency bandwidth BW
can be calculated on the basis of the following mathematical
expression (4) for the wavelength A of the laser beam.

BW=4xV, /h. (4)

FIGS. 8A to 8E are graphs illustrating examples of
transmission light, received light, a recerved signal (hetero-
dyne detection signal), an envelope detection signal, and an
edge detection signal. When transmission light having the
amplitude 1illustrated 1n FIG. 8A 1s transmitted, received
light having the amplitude 1llustrated 1n FIG. 8B 1s received.
FIG. 8C 1s a graph 1llustrating a recerved signal waveform
obtained from the received light illustrated 1n FIG. 8B. FIG.
8D 1s a graph illustrating the waveform of an envelope
detection signal obtained from the recerved signal wavelform
illustrated in FIG. 8C.

The edge detector 62 detects edges of the wavelorm of the
envelope detection signal and outputs an edge detection
signal (for example, TTL signal) indicating the detection
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result to the ranging unit 63. FIG. 8E 1s a graph illustrating
the pulse wavetorm of the edge detection signal generated
through detection of rising edges and falling edges of the
wavelorm of the envelope detection signal illustrated in
FIG. 8D.

The ranging unit 63 1s capable of measuring delay time T
indicating a time difference between transmission timing of
a transmission light pulse and reception timing of received
light corresponding thereto and calculating the distance to
the target on the basis of the delay time t. This delay time
T varies depending on the distance R to the target. The delay
time T 1s given by the following mathematical expression
(5), for example. Where ¢ denotes the speed of light.

T=2XR/C. (5)

As described above, according to the first embodiment,
the laser radar device 1 includes the primary light source 10
that generates primary light by combining laser beams
having different wavelengths A, and A, respectively, thereby
allowing for multiple interference conditions corresponding
to the different wavelengths A, and A, respectively which
occur in the propagation path between the target and the
photoreceptor surface of the photodetector 28. This allows
for suppression ol generation of speckle noises and for
suppression of fluctuations 1n the intensity of the received
signal DS which occur due to the speckle noises. Thus, the
laser radar device 1 of the first embodiment can improve the
signal-to-noise ratio of the recerved signal DS. Therefore,
the calculation accuracy of the measurement value 1s
improved, and the measurement value with high accuracy
can be calculated even with one shot of the transmission
light pulse.

In addition, according to the first embodiment, the emis-
sion wavelengths A, and A, of the laser light sources 11 and
12 are set such that the frequency difference between the
peaks corresponding to the wavelengths A, and A,, which
appear 1n the spectrum of the received signal DS on which
frequency analysis 1s not performed, 1s equal to or less than
the frequency resolution (width of each frequency bin) AT
for an arbitrary velocity in a velocity measurement range.
This allows the peaks corresponding to the wavelengths A,
and A, which appear 1n the recerved spectrum, to be posi-
tioned within the same frequency bin. Therefore, the detec-
tion accuracy ol peaks 1s improved, and the calculation
accuracy ol measurement values 1s also improved.

Second Embodiment

Next, a second embodiment according to the present
invention will be described. In the first embodiment, there
are conditions for selecting the emission wavelengths A, and
i, of the laser light sources 11 and 12 included in the
primary light source 10. On the other hand, such selection
conditions are not provided in the second embodiment. In
addition, the second embodiment further includes a ban-
dlimiting filter that limits frequency bands of an analog
received signal or a digital received signal obtained by
heterodyne detection and removes unwanted Irequency
components. Such a bandlimiting filter may be either an
analog filter or a digital filter.

FIG. 9 1s a diagram schematically illustrating a configu-
ration example of a laser radar device 2 according to the
second embodiment of the present invention. As illustrated
in FIG. 9, the laser radar device 2 includes a primary light
source 10, an optical splitter 21, an optical modulator 22, an
optical transmitter/recerver system 23, an optical combiner
26, a photodetector circuit 27, and a signal processing circuit



US 11,327,176 B2

13

32. The configuration of the laser radar device 2 of the
present embodiment 1s the same as that of the laser radar
device 1 of the first embodiment except that the signal
processing circuit 32 of FIG. 9 1s included instead of the
signal processing circuit 31 (FIG. 1) of the first embodiment.
In the configuration example of FIG. 9, the signal processing
circuit 32 has the bandlimiting filter.

FIG. 10 1s a block diagram schematically illustrating a
configuration example of the signal processing circuit 32
according to the second embodiment. As illustrated in FIG.
10, the signal processing circuit 32 includes a first measure-
ment unit 41 and a second measurement unit 60. The
configuration of the second measurement unit 60 1s the same
as the configuration of the second measurement umt 60 of
the first embodiment. The first measurement unit 41 includes
a frequency analyzer 44, a spectrum correction unit 45, and
a measurement value calculator 50 like the first measure-
ment unit 40 of the first embodiment.

The first measurement unit 41 of the present embodiment
turther includes a bandpass filter 46 that operates as the
bandlimiting filter. The bandpass filter 46 1s included as a
stage preceding the measurement value calculator 50, gen-
erates a band-limited spectrum by limiting the frequency
band of the correction spectrum calculated by the spectrum
correction unit 435, and outputs the generated band-limited
spectrum to the measurement value calculator 50. The
bandpass filter 46 1s capable of removing unwanted fre-
quency components by limiting the frequency band of the
correction spectrum.

FIG. 11 1s a graph illustrating an example of a passband
and stopbands of the bandpass filter 46. In FIG. 11, Doppler
shift spectrum components S1 and S2 corresponding to the
wavelengths A, and A,, respectively, are illustrated.
Unwanted frequency components Ul and U2 such as har-
monic components are removed by stopbands of the band-
pass lilter 46.

Upon detection of a single peak appearing in the band-
limited spectrum, the measurement value calculator 50 cal-
culates the relative velocity V | of the target on the basis of
the Doppler shift amount corresponding to the detected
peak. On the other hand, upon detection of peaks corre-
sponding to wavelengths A, and A, respectively which
appear 1n the band-limited spectrum, the measurement value
calculator 50 calculates relative velocity components V
and V ., of the target on the basis of the Doppler shiit
amounts corresponding to the detected peaks, respectively.
Furthermore, the measurement value calculator 50 can cal-
culate the relative velocity V, of the target by averaging the
relative velocity components V,, and V . It suflices to use
a root mean square for the averaging process. At this point,
the relative velocity V| can be calculated from the following,
mathematical expression (6).

Vr:[(Vrl)z_l_(VrE)z] 152. (6)

When the measurement value calculator 50 has detected
peaks that appear corresponding to the wavelengths A, and
A, m the band-limited spectrum, the measurement value
calculator 50 may have a function of detecting signal-to-
noise ratios of the Doppler shift spectrum components
corresponding to the peaks and evaluating the frequency
detection accuracy for each of the Doppler shift spectrum
components on the basis of the detected signal-to-noise
ratios. On the basis of the evaluation result, the measurement
value calculator 50 can calculate the relative velocity V, of
the target only on the basis of a detected peak of a single
highly-evaluated Doppler shift spectrum component without
performing the averaging process.
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As described above, the laser radar device 2 of the present
embodiment includes the primary light source 10 as 1n the

first embodiment, and thus 1t 1s possible to suppress gen-
eration of speckle noises and to suppress fluctuation 1n the
intensity of the received signal DS occurring due to the
speckle noises. For this reason, the signal-to-noise ratio of
the received signal DS can be improved. Therelfore, the
calculation accuracy of the measurement value 1s improved,
and the measurement value can be calculated with high
accuracy even with one shot of the transmission light pulse.

In the second embodiment, the bandpass filter 46 gener-
ates a band-limited spectrum by limiting the frequency band
of the correction spectrum calculated by the spectrum cor-
rection unit 45, and thus unwanted frequency components
can be removed. Furthermore, even when the measurement
value calculator 50 has detected peaks that appear corre-
sponding to wavelengths A, and A, 1n the band-limited
spectrum, the measurement value calculator 30 calculates
the relative velocity components V , and V , of the target on
the basis of the detected peaks and calculates the relative
velocity V| of the target by averaging the relative velocity
components V_, and V _,. Therefore, even when the emission
wavelengths A, and A, of the laser light sources 11 and 12
included 1n the primary light source 10 are not limited, the
relative velocity V of the target can be calculated on the
basis of the detected peaks.

Although, 1n the present embodiment, the number of the
laser light sources 11 and 12 1s, no limitation to the number
1s 1mtended. n laser light sources that output laser beams
having n different wavelengths A, A, ..., A, (n1s an integer
equal to or greater than 2) may be used. In this case, the
measurement value calculator 50 1s only required to detect
the number of peaks corresponding to the number of the
wavelengths. That 1s, the measurement value calculator 50 1s
only required to detect peaks that appear corresponding to
the wavelengths A, A,, . . ., and A 1n the band-limited
spectrum and to calculate relative velocity components of
the target on the basis of the detected peaks. The measure-
ment value calculator 50 can calculate the relative velocity
of the target by averaging (for example, square averaging)
the relative velocity components.

Furthermore, in place of the bandpass filter 46, an analog
filter that limits the frequency band of the analog received
signal BS to remove unwanted frequency components, or a
digital filter that limits the frequency band of the received
signal DS before frequency analysis to remove unwanted
frequency components may be used.

Third Embodiment

Next, a third embodiment according to the present inven-
tion will be described. FIG. 12 1s a diagram schematically
illustrating a configuration example of a laser radar device 3
according to the third embodiment of the present invention.
As 1llustrated 1n FIG. 12, the laser radar device 3 includes a
primary light source 10, an optical splitter 21, an optical
modulator 22, an optical transmitter/receiver system 23, a
switching controller 80, an optical switch 81, an optical
combiner 26, a photodetector circuit 27, and a signal pro-
cessing circuit 33.

The configuration of the laser radar device 3 of the present
embodiment 1s the same as that of the laser radar device 2
of the second embodiment except that the switching con-
troller 80 and the optical switch 81 are included and that the
signal processing circuit 33 of FIG. 12 1s included instead of
the signal processing circuit 32 (FIG. 9) of the second
embodiment.
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The optical switch 81 1s included 1in an optical transmis-
sion path between the optical splitter 21 and the optical
combiner 26. The optical splitter 21 and the optical switch
81 are optically coupled to each other via an optical trans-
mission line C2a, and the optical switch 81 and the optical
combiner 26 are optically coupled to each other via an
optical transmission line C2b. For example, these optical
transmission lines C2aq and C2b can be implemented by
optical fiber cables.

The optical switch 81 1s an optical separator that performs
switching between wavelengths 1n accordance with a
switching control signal SC supplied from the switching
controller 80. That 1s, the optical switch 81 in turn selects
and separates reference light components having wave-
lengths A, and A, respectively, from the reference light input
from the optical transmission line C2a, 1n accordance with
the switching control signal SC. Specifically, the optical
switch 81 {first separates a reference light component having
the wavelength A, from the reference light and outputs the
reference light component to the optical transmission line
C2b, and then separates the reference light component
having the wavelength A, from the reference light and
outputs the reference light component to the optical trans-
mission line C2b.

In this case, the optical combiner 26 first combines the
reference light component with the wavelength A, and the
received light to generate composite light, and outputs the
composite light to the photodetector circuit 27. Next, the
optical combiner 26 combines the reference light component
with the wavelength A, and the received light to generate
composite light, and outputs the composite light to the
photodetector circuit 27. Theretfore, the photodetector circuit
277 first outputs a received signal DS corresponding to the
reference light component with the wavelength A, (herein-
alter referred to as “first received signal DS1”) to the signal
processing circuit 33, and then outputs a received signal DS
corresponding to the reference light component with the
wavelength A, (heremafter referred to as “second recerved
signal DS2”) to the signal processing circuit 33.

FIG. 13 1s a block diagram schematically illustrating a
configuration example of the signal processing circuit 33
according to the third embodiment. As illustrated in FIG. 13,
the signal processing circuit 33 includes a first measurement
unit 42 and a second measurement unit 60. The configura-
tion of the second measurement umt 60 1s the same as the
configuration of the second measurement unit 60 of the first
embodiment. Like i the first measurement unit 41 of the
second embodiment, the first measurement unit 42 includes
a frequency analyzer 44, a spectrum correction unit 45, a
bandpass filter 46, and a measurement value calculator 50.
The first measurement unit 42 of the present embodiment
turther includes a scale converter 47 that operates 1n syn-
chronization with a switching control signal SC, a memory
48 that temporarily stores an output of the scale converter
4’7, and a spectrum integrator 49 that operates 1n synchro-
nization the switching control signal SC.

The bandpass filter 46 first generates a band-limited
spectrum corresponding to the first received signal DSI1
(heremaftter referred to as “first band-limited spectrum”),
and then generates a band-limited spectrum corresponding
to the second received signal DS2 (hereinaiter referred to as
“second band-limited spectrum”). The scale converter 47
converts, using one of the first and second band-limited
spectra as a reference spectrum, the scale of the other
band-limited spectrum in the frequency axis direction with
a predetermined conversion coeflicient k. As a result, 1t
becomes possible to cause the position on the frequency axis
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of the Doppler shift spectrum component appearing in the
scale-converted spectrum to substantially coincide with the
position on the frequency axis of the Doppler shift spectrum
component appearing in the reference spectrum and to have
these Doppler shift spectrum components accommodated in
the same frequency bin (frequency bin of the reference
spectrum). The scale converter 47 temporarily stores data
indicating the reference spectrum and the scale-converted
spectrum, 1n the memory 48.

For example 1mn a case where the second band-limited
spectrum 1s selected as the reference spectrum, the scale 1n
the frequency axis direction of the first band-limited spec-
trum can be converted with the conversion coellicient k=A,/
A,. FIG. 14A 1s a graph 1llustrating an example of the first
band-limited spectrum including a Doppler shift spectrum
component Slc obtained by the scale conversion, and FIG.
14B 1s a graph 1llustrating an example of the second band-
limited spectrum including a Doppler shift spectrum com-
ponent S2. As illustrated in FIGS. 14A and 14B, the position
of the Doppler shift spectrum component S1¢ matches the
position of the frequency bin of the Doppler shiit spectrum
component S2.

The spectrum integrator 49 reads data indicating the
reference spectrum and the scale-converted spectrum from
the memory 48 and integrates the reference spectrum and the
scale-converted spectrum to calculate an integration spec-
trum. The measurement value calculator 50 detects a peak
appearing 1n the integration spectrum by the maximum-
value detection or centroid method, and calculates the Dop-
pler shift amount on the basis of the position of the detected
peak. The measurement value calculator 50 can calculate the
relative velocity of the target in the line-of-sight direction
from the Doppler shift amount.

The peak position of the Doppler shift spectrum compo-
nent appearing in the scale-converted spectrum substantially
coincides with the peak position of the Doppler shift spec-
trum component appearing in the reference spectrum. There-
fore, a sharp peak 1s formed in the itegration spectrum at
the position of a single frequency bin through superimpo-
sition these Doppler shift spectrum components. As a result,
the measurement value calculator 50 can detect the peak
with high accuracy, and thus the relative velocity of the
target can be calculated with high accuracy.

According to the third embodiment as described above,
the laser radar device 3 includes the primary light source 10
as 1n the first embodiment, and thus it 1s possible to suppress
generation of speckle noises and to suppress fluctuation 1n
the mtensity of the received signal DS occurring due to the
speckle noises. For this reason, the signal-to-noise ratio of
the recerved signal DS can be improved. Furthermore, since
the signal processing circuit 33 of the laser radar device 3
includes the spectrum integrator 49 that calculates an inte-
gration spectrum, the measurement value calculator 50 can
calculate a measurement value on the basis of a low-noise
integration spectrum. Therelfore, the calculation accuracy of
the measurement value 1s improved, and the measurement
value can be calculated with high accuracy even with one
shot of the transmission light pulse.

In addition, since the signal processing circuit 33 includes
the scale converter 47, it 1s possible to cause the position on
the frequency axis of the Doppler shiit spectrum component
appearing in the scale-converted spectrum to substantially
comncide with the position on the frequency axis of the
Doppler shift spectrum component appearing in the refer-
ence spectrum. Therefore, a sharp peak 1s formed in the
integration spectrum at the position of a single frequency bin
through superimposition of the Doppler shift spectrum com-
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ponents. Therefore, the laser radar device 3 according to the
present embodiment can calculate a measurement value

related to the target with high accuracy on the basis of the
detected peaks even when emission wavelengths A, and A,
of the laser light sources 11 and 12 included 1n the primary
light source 10 are not limited.

Although, 1n the present embodiment, the number of the
laser light sources 11 and 12 1s two, no limitation to the
number 1s mtended. n laser light sources that output laser
beams having n diflerent wavelengths A, A, . .., A (n1s
an mteger equal to or greater than 2) may be used.

[ike 1in the case of the second embodiment, also 1n the
present embodiment, an analog filter that limits the fre-
quency band of the analog received signal BS to remove
unwanted Ifrequency components, or a digital filter that
limits the frequency band of the recerved signal DS before
frequency analysis to remove unwanted frequency compo-
nents may be used in place of the bandpass filter 46.

Fourth Embodiment

Next, a fourth embodiment according to the present
invention will be described. The fourth embodiment 1s a
modification of the third embodiment and 1s configured to
achieve eflects similar to those of the third embodiment.

FIG. 15 1s a diagram schematically illustrating a configu-
ration example of a laser radar device 4 that 1s the fourth
embodiment of the present invention. As 1illustrated 1n FIG.
15, the laser radar device 4 includes a primary light source
10, an optical splitter 21, an optical modulator 22, and an
optical transmitter/receiver system 23 like the laser radar
device 3 of the third embodiment. The laser radar device 4
of the present embodiment further includes an optical split-
ter 82, a wavelength splitter 83, optical combiners (optical
combining elements) 26 A and 26B, a photodetector circuit
27M, and a signal processing circuit 33M.

The optical splitter 82 1s included 1n an optical transmis-
sion line between an optical circulator 24 and the optical
combiner 26 A. The optical circulator 24 and the optical
splitter 82 are optically coupled to each other via an optical
transmission line C5a, and the optical splitter 82 and the
optical combiner 26 A are optically coupled to each other via
an optical transmission line C5b. The wavelength splitter 83
1s 1ncluded 1n an optical transmission path between the
optical splitter 21 and the optical combiner 26 A. The optical
splitter 21 and the wavelength splitter 83 are optically
coupled to each other via the optical transmission line C2a,
and the wavelength splitter 83 and the optical combiner 26 A
are optically coupled to each other via an optical transmis-
sion line C2b. Furthermore, the optical splitter 82 and the
optical combiner 268 are optically coupled to each other via
an optical transmission line C3¢, and the wavelength splitter
83 and the optical combiner 26B are optically coupled to
cach other via an optical transmission line C2c.

The optical splitter 82 1s an optical component that
distributes received light that 1s mnput from the optical
circulator 24 via the optical transmission line C3a to the
optical transmission lines C5b and C5c¢. That 1s, the optical
splitter 82 splits received light input thereto into first
received light and second received light at a predetermined
branching ratio (50:50), and outputs the first received light
to the optical transmission line C55 and the second recerved
light to the optical transmission line C5¢. For example, the
optical splitter 82 can be implemented by a branch mirror
using a dielectric multilayer film filter or a beam splitter.

The wavelength splitter 83 1s an optical separator that
simultaneously separates reference light components having
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wavelengths A, and A, respectively, from reference light
input from the optical transmission line C2a. Specifically,
the wavelength splitter 83 separates the reference light
component having the wavelength A, from the reference
light to output the reference light component to the optical
transmission line C2b, and simultancously separates the
reference light component having the wavelength A, from
the reference light to output the reference light component to
the optical transmission line C2c.

The optical combiner 26A 1s an optical combining ele-
ment that combines the reference light input from the optical
transmission line C2b and the first received light input from
the optical transmission line C3b to generate composite light
containing optical beat signal components. The composite
light propagates through optical transmission lines Cé6 and
C7 and enters the photodetector circuit 27M. The optical
combiner 26A outputs composite light beams having their
respective phases different from each other by 180° (posi-
tive-phase and negative-phase light beams), to the optical
transmission lines C6 and C7, to ensure compatibility with
the balanced receiver configuration of the photodetector
circuit 27M. Such an optical combiner 26A can be 1mple-
mented by, for example, a 90° hybrid coupler.

On the other hand, the optical combiner 26B 1s an optical
combining element that combines the reference light mnput
from the optical transmission line C2¢ and the second
received light input from the optical transmission line C5c¢ to
generate composite light contaiming optical beat signal com-
ponents. The composite light propagates through optical
transmission lines C8 and C9 and enters the photodetector
circuit 27M. Like the optical combiner 26A, the optical
combiner 268 outputs composite light beams having their
respective phases different from each other by 180° (posi-
tive-phase and negative-phase light beams), to the optical
transmission lines C8 and C9, to ensure compatibility with
the balanced receiver configuration of the photodetector
circuit 27M. Such an optical combiner 26B can be 1mple-
mented by, for example, a 90° hybrid coupler.

The photodetector circuit 27M includes photodetectors
28A and 28B each having a balanced receiver configuration,
an A/D converter (ADC) 29A that converts an output of the
photodetector 28 A 1nto a digital signal, and an A/D converter
(ADC) 29B configured to convert an output of the photo-
detector 28B into a digital signal. The photodetector 28A
includes two photoreceptor elements (e.g., photodiodes) that
perform optical-to-electrical signal conversions of the posi-
tive-phase light beam input from the optical transmission
line C6 and the negative-phase light beam input from the
optical transmission line C7, respectively. The photodetector
28A generates an analog received signal BS1 on the basis of
a diflerence between output currents ol the photoreceptor
clements. On the other hand, the photodetector 28B 1ncludes
two photoreceptor elements (e.g. photodiodes) that perform
optical-to-electrical signal conversions of the positive-phase
light beam mput from the optical transmission line C8 and
the negative-phase light beam mput from the optical trans-
mission line C9, respectively. The photodetector 28B gen-
crates an analog received signal BS2 on the basis of a
difference between output currents of the photoreceptor
clements. Since the photodetector circuits 27A and 27B have
their respective balanced receiver configurations, reduction
of relative intensity noises (RINs) due to the primary light
source 10 can be achieved.

The ADC 29A converts the analog received signal BS1
into a digital received signal DS1 (hereinafter simply
referred to as “first recerved signal DS1”) by sampling the
analog received signal BS1 using a pulse trigger signal PT
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supplied from the optical modulator 22 as a trigger. On the
other hand, the ADC 29B converts the analog received
signal BS2 mnto a digital received signal DS2 (hereinaiter
simply referred to as “second received signal DS2”) by
sampling the analog received signal BS2 using the pulse
trigger signal PT as a trigger. The ADCs 29A and 29B output
the first and second received signals DS1 and DS2 to the
signal processing circuit 33M. For example, the ADCs 29A
and 29B can be implemented by a double-integration A/D
converter, a successive-approximation A/D converter, or a
parallel-comparison A/D converter.

FIG. 16 1s a block diagram schematically illustrating a
configuration example of the signal processing circuit 33M
according to the fourth embodiment. As illustrated in FIG.
16, the signal processing circuit 33M includes a first mea-
surement unit 42M and a second measurement unit 60. The
configuration of the second measurement unit 60 1s the same
as the configuration of the second measurement unit 60 of
the first embodiment. The second measurement unit 60 1s
capable of detecting the distance to a target on the basis of
the first received signal DSI1.

The first measurement unit 42M 1ncludes frequency ana-
lyzers 44 A and 44B, spectrum correction units 45A and 45B,
bandpass filters 46 A and 46B, a scale converter 47M, a
spectrum 1integrator 49M, and a measurement value calcu-
lator 50. Here, configurations of the frequency analyzer 44 A,
the spectrum correction unit 45A, and the bandpass filter
46 A are the same as the configurations of the frequency
analyzer 44, the spectrum correction unit 435, and the band-
pass filter 46 described above, and configurations of the
frequency analyzer 44B, the spectrum correction unit 45B,
and the bandpass filter 468 are the same as the configura-

tions of the frequency analyzer 44, the spectrum correction
unit 45, and the bandpass filter 46 described above.

The bandpass filter 46 A generates a band-limited spec-
trum corresponding to the first received signal DS1 (here-
iafter referred to as “first band-limited spectrum™). In
parallel, the bandpass filter 468 generates a band-limited
spectrum corresponding to the second received signal DS2
(hereinatter referred to as “‘second band-limited spectrum™).
[Like the scale converter 47 of the third embodiment, the
scale converter 47M generates a scale-converted spectrum
by using one of the first and second band-limited spectra as
a reference spectrum and converting the scale of the other
band-limited spectrum in the frequency axis direction with
a predetermined conversion coetlicient k.

Like the spectrum integrator 49 of the third embodiment,
the spectrum integrator 49M 1ntegrates the reference spec-
trum and the scale-converted spectrum to calculate an inte-
gration spectrum. The measurement value calculator 50
detects a peak appearing in the integration spectrum by the
maximum-value detection or centroid method, and calcu-
lates the Doppler shift amount on the basis of the position of
the detected peak. The measurement value calculator 50 can
calculate the relative velocity of the target in the line-of-
sight direction from the Doppler shift amount.

The peak position of the Doppler shiit spectrum compo-
nent appearing in the scale-converted spectrum substantially
comncides with the peak position of the Doppler shift spec-
trum component appearing in the reference spectrum. There-
fore, a sharp peak 1s formed in the mtegration spectrum at
the position of a single frequency bin through superimpo-
sition these Doppler shift spectrum components. As a result,
the measurement value calculator 50 can detect the peak
with high accuracy, and thus the relative velocity of the
target can be calculated with high accuracy.
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According to the fourth embodiment as described above,
the laser radar device 4 includes the primary light source 10
as 1n the first embodiment, and thus it 1s possible to suppress
generation of speckle noises and to suppress fluctuation 1n
the intensity of the received signals DS1 and DS2 occurring
due to the speckle noises. For this reason, the signal-to-noise
ratio of the received signals DS1 and DS2 can be improved.
Furthermore, since the signal processing circuit 33M of the
laser radar device 4 includes the spectrum integrator 49M
that calculates an integration spectrum, the measurement
value calculator 30 can calculate a measurement value on
the basis of a low-noi1se integration spectrum. Therefore, the
calculation accuracy of the measurement value 1s improved.
The measurement value can be calculated with high accu-
racy even with one shot of the transmission light pulse.

In addition, since the signal processing circuit 33M
includes the scale converter 47M, it 1s possible to cause the
position on the frequency axis of the Doppler shift spectrum
component appearing in the scale-converted spectrum to
substantially coincide with the position on the frequency
axis of the Doppler shift spectrum component appearing in
the reference spectrum. Therefore, a sharp peak 1s formed 1n
the integration spectrum at the position of a single frequency
bin through superimposition of the Doppler shift spectrum
components. Therefore, the laser radar device 4 according to
the present embodiment can calculate a measurement value
related to the target with high accuracy on the basis of the
detected peaks even when emission wavelengths A, and A,
of the laser light sources 11 and 12 included 1n the primary
light source 10 are not limited.

Although, 1n the present embodiment, the number of the
laser light sources 11 and 12 1s two, no limitation to the
number 1s mtended. The n laser light sources that output
laser beams having n different wavelengths A, A,, . . ., A
(n 1s an integer equal to or greater than 2) may be used.

[ike 1n the case of the second embodiment, also in the
present embodiment, an analog filter that limits the fre-
quency band of the analog recerved signals BS1 and BS2 to
remove unwanted frequency components, or a digital filter
that limits the frequency band of the received signals DS1

and DS2 before frequency analysis to remove unwanted
frequency components may be used 1n place of the bandpass

filters 46 A and 46B.

Fi

Modifications of First to Fourth Embodiments

Although the various embodiments according to the pres-
ent mvention have been described with reference to the
drawings, these embodiments are examples of the present
invention, and thus various forms other than these embodi-
ments can be adopted.

The hardware configuration of each of the signal process-
ing circuits 32, 33, and 33M of the above-described second
to fourth embodiments 1s only required to be implemented
by, for example, one or more processors including a semi-
conductor integrated circuit such as a DSP, ASIC, or FPGA
like 1n the first embodiment. Alternatively, the hardware
configuration of each of the signal processing circuits 32, 33,
and 33M may be implemented by one or more processors
including an arithmetic device such as a CPU or GPU that
executes soltware or firmware program codes read from a
memory. The hardware configuration of each of the signal
processing circuits 32, 33, and 33M may be implemented by
one or more processors mcluding a combination of a semi-
conductor integrated circuit such as a DSP and arithmetic
device such as a CPU. Furthermore, the hardware configu-
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ration of each of the signal processing circuits 32, 33, and
33M may be implemented by the signal processing circuit

70 1llustrated in FIG. 3.

In addition, the laser radar devices 1 to 4 according to the
first to fourth embodiments are pulse type laser radar devices
that detect a measurement value on the basis of transmission
light pulses. Instead of this, the configurations of the laser
radar devices 1 to 4 of the first to fourth embodiments may
be modified such that measurement values are calculated by
a continuous wave (CW) method.

Furthermore, although the first measurement unit 40 and
the second measurement unit 60 operate 1n parallel in the
first embodiment, instead, the configuration of the {irst
embodiment may be modified such that only one of the first
measurement unit 40 and the second measurement unit 60 or
both the first measurement unmit 40 and the second measure-
ment unit 60 operate depending on a measurement param-
cter that defines operation conditions. In this case, the laser
radar device 1 according to the first embodiment can operate
in an operation mode corresponding to the measurement
parameter (that 1s, one of an operation mode for calculating
only the relative velocity of the target, an operation mode for
calculating only the distance to the target, or an operation
mode for calculating both the relative velocity and the
distance). Likewise, the configuration of the second embodi-
ment may be modified such that only one of the first
measurement unit 41 and the second measurement unit 60 or
both the first measurement umt 41 and the second measure-
ment unit 60 operate depending on a measurement param-
cter, the configuration of the third embodiment may be
modified such that only one of the first measurement unit 42
and the second measurement unit 60 or both the first
measurement unit 42 and the second measurement unit 60
operate depending on a measurement parameter, and the
configuration of the fourth embodiment may be modified
such that only one of the first measurement unit 42M and the
second measurement unit 60 or both the first measurement
unit 42M and the second measurement unit 60 operate
depending on a measurement parameter.

Within the scope of the present invention, the present
invention may include a flexible combination of the first to
fourth embodiments, a modification of any component of the
respective embodiments, or omission of any component in
the respective embodiments.

INDUSTRIAL APPLICABILITY

A laser radar device according to the present mnvention 1s
capable of detecting information such as the velocity of a
target by measuring light scattered or reflected by the target
using a laser beam, and thus 1s used, for example, for an
observation system for observation ol atmospheric condi-
tions and for a moving-object detection system for detection
of a moving object such as a vehicle.

REFERENCE SIGNS LIST

1 to 4: laser radar devices; 10: a multi-wavelength pri-
mary light source; 11, 12: laser light sources; 13: an optical
combiner; 14: an optical condensing system; 15: an optical
connector; 21: an optical splitter; 22: an optical modulator;
23: an optical transmitter/recerver system; 24: an optical
circulator; 235: an optical antenna; 26, 26 A, 26B: optical

combiners; 27, 27M: photodetector circuits; 28, 28A, 28B:
photodetectors; 29: an A/D converter (ADC); 31 to 33, 33M:
signal processing circuits; 40 to 42, 42M: first measurement

units; 44, 44A, 44b: frequency analyzers; 45, 45A, 45B:

10

15

20

25

30

35

40

45

50

55

60

65

22

spectrum correction units; 46, 46A, 46B: bandpass filters;
47, 47TM: scale converters; 48: a memory; 49, 49M: spec-
trum 1ntegrators; 50: a measurement value calculator; 60: a
second measurement unit; 61: an envelope detector; 62: an
edge detector; 63: a ranging unit; 70: a signal processing
circuit; 71: a processor; 72: a memory; 73: an input interface
unmit; 74: an output interface unit; 735: a signal path; 80: a
switching controller; 81: an optical switch (optical separa-
tor); 82: an optical splitter; 83: a wavelength splitter (optical
separator); C0 to C9: optical transmission lines; and Tgt: a
target.

The mvention claimed 1s:
1. A laser radar device comprising:
a primary light source configured to combine a plurality
of laser beams having different wavelengths respec-
tively to generate primary light;
an optical splitter configured to split the primary light into
transmission light and reference light;
an optical modulator configured to modulate the trans-
mission light to generate modulated transmission light;
an optical transmitter/receiver system configured to emit
the modulated transmission light into an external space
and recerve light scattered or diffused by a target 1n the
external space;
an optical combiner configured to combine the reference
light and the light received by the optical transmitter/
receiver system to generate an optical beat signal;
a photodetector circuit configured to perform an optical-
to-electrical signal conversion of the optical beat signal
to generate a received signal; and
a signal processing circuit configured to:
perform frequency analysis on the received signal with
a Irequency resolution specified 1n advance to cal-
culate a spectrum of the received signal, where the
frequency resolution 1s equal to a width of each
frequency bin of a spectrum of the received signal;
and

calculate a measurement value related to the target on
a basis of the calculated spectrum,

wherein the different wavelengths are set to cause a
frequency difference between peaks that correspond to
the different wavelengths and appear 1n the spectrum of
the recerved signal, to be equal to or less than the
frequency resolution.

2. The laser radar device according to claim 1, wherein:

the signal processing circuit 1s further configured to
calculate, as the measurement value, a relative velocity
of the target 1n a predetermined velocity measurement
range; and

the different wavelengths are set to satisiy a relational
expression given by

APV, x(1/h,,. —1/A

PTE{II) A

where a maximum absolute value of a velocity in the
velocity measurement range 1s denoted by V. a
maximum wavelength of the different wavelengths 1s
denoted by A_ . a mimmum wavelength of the ditler-
ent wavelengths 1s denoted by A_ . . and the frequency
resolution 1s denoted by Af.

3. The laser radar device according to claim 1, wherein a
spectral linewidth of each beam of the plurality of laser
beams 1s equal to or less than 100 MHz.

4. A laser radar device comprising:

a primary light source configured to combine a plurality

of laser beams having different wavelengths respec-
tively to generate primary light;

FriIFe?
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an optical splitter configured to split the primary light into
transmission light and reference light;
an optical modulator configured to generate modulated
transmission light by modulating the transmission
light;
an optical transmitter/receiver system configured to emit
the modulated transmission light into an external space
and receive light scattered or diffused by a target 1n the
external space;
an optical separator configured to separate, from the
reference light, a plurality of reference light compo-
nents having the different wavelengths respectively;
an optical combiner configured to combine the plurality of
reference light components and the light recetved by
the optical transmitter/receiver system to generate a
plurality of optical beat signals;
a photodetector circuit configured to perform optical-to-
clectrical signal conversions of the plurality of optical
beat signals to generate a plurality of received signals;
and
a signal processing circuit configured to:
perform frequency analysis on the plurality of recerved
signals to calculate spectra of the plurality of
recerved signals;

integrate the spectra to calculate an integration spec-
{rum;

calculate a measurement value related to the target on
a basis of the integration spectrum; and

using one of the spectra as a reference spectrum,
convert scales of one or more spectra selected from
among the spectra other than the reference spectrum,
in a frequency axis direction of the one or more
spectra,

wherein the signal processing circuit 1s further configured
to 1integrate the reference spectrum and the scale-
converted spectrum to calculate the integration spec-
trum.

5. The laser radar device according to claim 4, wherein the
optical separator 1s configured as an optical switch config-
ured to 1 turn select and separate the reference light
components from the reference light.

6. The laser radar device according to claim 4, wherein:

the optical separator 1s configured as a wavelength splitter
to simultaneously separate the plurality of reference
light components from the reference light;

the optical combiner includes a plurality of optical com-
bining elements configured to combine the light
received by the optical transmitter/recerver system with
the plurality of reference light components to simulta-
neously generate the plurality of optical beat signals;
and

the photodetector circuit includes a plurality of photode-
tectors configured to perform optical-to-electrical sig-
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nal conversions of the plurality of optical beat signals
to simultaneously generate the plurality of recerved
signals, respectively.

7. The laser radar device according to claim 4, wherein a
spectral linewidth of each beam of the plurality of laser
beams 1s equal to or less than 100 MHz.

8. A laser radar device comprising:

a primary light source configured to combine a plurality
of laser beams having different wavelengths respec-
tively to generate primary light;

an optical splitter configured to split the primary light into
transmission light and reference light;

an optical modulator configured to generate modulated
transmission light by modulating the transmission
light;

an optical transmitter/receiver system configured to emit
the modulated transmaission light into an external space
and receive light scattered or diffused by a target 1n the
external space;

an optical separator configured to separate, from the
reference light, a plurality of reference light compo-
nents having the different wavelengths respectively;

an optical combiner configured to combine the plurality of
reference light components and the light received by
the optical transmitter/receiver system to generate a
plurality of optical beat signals;

a photodetector circuit configured to perform optical-to-
clectrical signal conversions of the plurality of optical
beat signals to generate a plurality of received signals;
and

a signal processing circuit configured to:
perform frequency analysis on the plurality of recerved

signals to calculate spectra of the plurality of
received signals;

integrate the spectra to calculate an integration spec-
trum; and

calculate a measurement value related to the target on
a basis of the integration spectrum,

using one of the spectra as a reference spectrum,
convert scales of one or more spectra selected from
among the spectra other than the reference spectrum,
in a frequency axis direction of the one or more

spectra,
wherein the signal processing circuit 1s further configured
to 1integrate the reference spectrum and the

scale=converted spectrum to calculate the integration
spectrum, and

wherein the optical separator 1s configured as an optical
switch configured to 1 turn select and separate the
reference light components from the reference light.
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